Abstract Reduced graphene oxide (rGO) has found tremendous application due to its versatile and tunable properties. We have prepared rGO by the green hydrothermal method without using any toxic additives that comprise~5-14 layers with an average interlayer distance of 3.5 Å. A device with Ag-rGO-Ag configuration has been fabricated that exhibits excellent stable and reproducible photoresponse properties ranging from UV-VIS (ultraviolet-visible) to the near IR (infrared) region. Responsivity and external quantum efficiency (EQE) values are as high as 0.71, 0.733, 0.230, and 0.313 A W −1 and 57, 85, 88, and 120% using 1550, 1064, 632, and 325 nm wavelength, respectively. We have shown that the temperature-dependent resistance follows a well-definite exponential behavior which indicates potential application of rGO as temperature sensor. Overall, these results suggest that rGO can be a potential material for low-cost, environment-friendly, and efficient broadband photodetector and temperature sensor. Also, pressure-dependent optoelectrical measurements have been carried out that reveal adsorption characteristics of various gases.
Introduction
Photodetection in a broad range of wavelength can be used for a wide range of optoelectronic and photonic applications, such as pollution detection, light communication interconnection, imaging, remote sensing, and biomedical applications (Arora et al. 2008; Degner et al. 2009; Burgard et al. 2006; Grobe et al. 2013; Dias et al. 2017b ). Due to its zero band gap and high carrier mobility, graphene was expected to be a potential material for broadband ultrafast photodetection. However, due to poor absorption and fast recombination, responsivity of graphene photodetectors is as low as a few milliamperes per watt or less (Nair et al. 2008; Chang et al. 2013; George et al. 2008) . Plasmonic nanoparticles or microcavity has been used to increase sensitivity of the graphene photodetector (Liu et al. 2011b; Furchi et al. 2012) . Although these modifications have shown some improvement, the enhanced sensitivity is limited to a narrow-spectrum range. In addition, processing and fabrication of graphene-based photodetectors are challenging and time consuming. On the other hand, due to the easy scalable preparation method and tunable properties of its derivative, reduced graphene oxide (rGO) can be a low-cost effective alternative to graphene. Chitara et al. obtained a responsivity of 0.12 A W −1 and 40% external quantum efficiency (EQE) at 360-nm irradiation using rGO synthesized in DMF with toxic hydrazine monohydrate (Chitara et al. 2011) . Thermally reduced graphene oxide has been studied by Chowdhury et al. (2014) and Chang et al. (2013) . Chowdhury et al. found a maximum responsivity of 0.55 A W −1 and EQE of 57% at 2 V using an IR bulb. Chang et al. achieved a responsivity of 0.7 A W −1 with a high applied bias of 19 V. In most of these cases, photodetection studies were carried out with a radiation of specific wavelength or within a narrow range of electromagnetic radiation. Furthermore, the bulb has been used for photodetection in many cases (Chowdhury et al. 2014; Kumar et al. 2014; Parikshit et al. 2016) . As bulbs produce lots of heat, that itself can change the active material resistance causing error in the evaluation of the photoresponse properties of the materials. Here, we have used a green hydrothermal reduction method (without any added chemicals) for reduction of graphene oxide (GO). rGO exhibits excellent broadband photoresponse and achieved responsivity better than many other reported values. We have also carried out temperature-dependent electrical measurements and analyzed the carrier transport mechanism in rGO film. Resistance (R) is found to follow a well-defined exponential behavior, which indicates its potential application as a temperature sensor. Interestingly, the temperature coefficient of resistance (TCR) is superior to the many commercial temperature sensors. We have also studied gas pressure-dependent optoelectrical properties of rGO. Resistance variation with pressure resembles its gas adsorption characteristic. These measurements pave the path for further improvement in responsivity in RGO-based devices.
Experimental methods
Graphite flakes were purchased from Sigma-Aldrich. Potassium permanganate (KMnO 4 ), hydrochloric acid (HCl), and sulfuric acid (H 2 SO 4 ) were purchased from Fisher Scientific. Ethanol was purchased from a local supplier.
Preparation of GO
Graphene oxide (GO) is prepared by modified Hammer's method (Hummers Jr. and Offeman 1958) . In brief, graphite flakes (2 g) and NaNO 3 (1 g) are dissolved in 50 ml H 2 SO 4 by stirring for half an hour in an ice bath. Six grams of KMnO 4 is added into the mixture slowly over the period of 20 min and stirred for 1 h. The as-obtained solution mixture is then heated at 35°C with continuous stirring for 2 h. Then, 80 ml of deionized water is added to the solution mixture and heated at 98°C for 15 min. The solution mixture is then diluted with 280 ml deionized water and 50 ml of 30% H 2 O 2 solution. The final product is collected by filtering the solution followed by washing with 5% HCl solution and deionized water and drying at 50°C for 24 h.
Synthesis of rGO
Eighty milligrams of GO is dissolved in 40 ml of water by sonication. The solution is transferred to a Teflonlined stainless-steel autoclave and heated at 180°C for 24 h in a muffle furnace. The black color product which is obtained by centrifugation followed by washing with ethanol is dried in a vacuum desiccator.
Structural characterization
The powder X-ray diffraction (XRD) patterns of GO and rGO have been taken by using a Rigaku SmartLab X-ray diffractometer with Cu K α source (wavelength = 1.5405 Ǻ). The morphology of the rGO is determined by a scanning electron microscope (SEM, Zeiss Gemini Ultra 55). Absorbance spectra have been acquired using a PerkinElmer Lambda 750 spectrophotometer in the wavelength range 200-800 nm. The interlayer distance of rGO is determined by transmission electron microscopy (TEM, Jeol JEM-2100F). Defect analysis has been carried out with Raman spectroscopy (LabRAM HR) using 532-nm laser excitation. Elemental composition is determined by an X-ray photoelectronic spectrometer (XPS, Axis Ultra) and energy-dispersive spectroscopy (EDS, Oxford Instruments). Structural characterization results have been discussed in supplementary information (Figs. S1-S3).
Device fabrication and optical characterization rGO (4.5 mg) is dispersed in 150 μl toluene by ultrasonication, and a film is made by drop casting the solution on a 95-μm channel of a silver-coated (200-nmthick) cleaned quartz glass (Fig. S4) . Gas adsorption studies have been done with a 1-mm-wide channel of silver electrodes. The drop-casted film is dried on a hot plate at 40°C for 45 min. Electrical contacts are made using copper wire and silver paste.
CNI's MDL-III 1550-nm (beam radius 2 mm) and MIL-III 1064-nm (beam radius 2.5 mm) lasers have been used as the IR source. Melles Griot 632 nm HeNe (beam diameter 0.8 mm) and 325 nm He-Cd lasers (beam diameter 1.4 mm) have been used for visible and ultraviolet sources, respectively. Electrical measurements have been carried out using Tektronix Keithley 2400 source with LabVIEW interface.
Results and discussion
Photodetection properties of rGO Photodetection properties of the rGO have been carried out from 1550 to 325 nm in electromagnetic spectrum. Figure 1a -d shows the temporal photoresponse of rGO for 1550-, 1064-, 632-, and 325-nm laser irradiation. These measurements show that photocurrent rises immediately as soon as light is shined and slowly saturates. Photocurrent increases with increasing light intensity. Variation of photocurrent with intensity is plotted in Fig. 1e and fitted with the following equation,
where α and β are constants (Mukhokosi et al. 2018; Khan et al. 2017a; Mallampati et al. 2015) . β depends on complex processes of exciton generation, trapping, and recombination Kind et al. 2002) . β is 0.89, 0.99, 0.85, and 0.97 for 1550, 1064, 632, and 325 nm wavelength, respectively. The β value of 1 suggests monomolecular recombination, and β value 0.5 suggests bimolecular recombination. 0.5 < β < 1.0 suggests presence of trap states in rGO (Kumar and Thangaraj 2008) . Temporal photoresponse with variation of bias for different incident lights are shown in Fig 2 (adjusted R-squared) value of 0.99 for all cases. Photodetector parameters like responsivity and EQE have been evaluated from the temporal response curves. Responsivity is defined as the photocurrent (I Ph ) generated per unit illumination intensity (I L ) per unit area (A),
and EQE is determined as the number of electrons generated per incident photon
where h is Plank constant 6.626 × 10
, C is light speed 3 × 10 8 m s −1 , q is the electronic charge (1.6 × 10 −19 coulomb), and λ is the wavelength of incident radiation (Khan et al. 2017b; Xia et al. 2009; Afzali et al. 2014) . Responsivity and EQE of the device with other reported data at different incident electromagnetic radiations are listed in Table 1 . Also, rise and decay of photocurrent (Fig. 1f ) have been fitted with the exponential equation
where I t is the photocurrent at time t and I f is the final photocurrent, τ 1 and τ 2 are time constants, and A 1 and A 2 are constants (Chang et al. 2013; Ito et al. 2016) . Time constant values of the device at different incident electromagnetic radiations are listed in Table 1 . Two-time constants for rise and decay indicate a faster rise (or decay) followed by slower saturation due to the effects of charge traps. Reproducibility of photocurrent over 10 cycles is shown in Fig. S6 .
We have recorded absorbance spectra of rGO in Nmethyl-2-pyrrolidone and plotted EQE (%) vs. absorbance at different wavelengths (Fig. 2a, b) . EQE vs. absorbance plot has been fitted with linear equation, and the fit has an adj. R-square value 0.902. Thus, EQE increases almost linearly with light absorbance and at lower wavelength where the absorbance is a higher EQE value and even exceeds 100%.
When the photocurrent is probed using a bulb or IR lamp, a large amount of heat is produced that can cause change in resistance and hence the photocurrent. Figure 2c shows temporal photoresponse at different chopping frequencies. Variation of the photocurrent in the presence of a chopper with varying frequencies of 10 to 2024 Hz is shown in Fig. 2d . If the photocurrent is due to heating of the active material which reduces the resistance (bolometric effect), it should decrease with increasing chopping frequency. While determining the photocurrent in our case, the chopper blocks the path of the laser light for half time; hence, the photocurrent gets reduced to half and it is stable with the chopper frequency. This result supports that there is no bolometric effect.
It may be noted that our RGO-based device shows a superior performance over other devices. First of all, ZnO, GaN, and Ga 2 O 3 and many other photodetectors work in a short spectrum of electromagnetic radiation and also rGO-based photodetectors have been explored mostly in either IR or UV(/VIS) range. On the contrary, our rGO-based photodetector has been studied over broadband and it shows efficient, stable, and reproducible photodetection properties. Mostly, graphene-based photodetectors exhibit a responsivity in a few tens of milliamperes per watt due to fast recombination of photogenerated carriers. Photodetection properties of rGO depend on the C/O ratio and structural and impurity defects (Khan et al. 2017b ). While increased reduction increases absorption in rGO (Li et al. 2008) , defects in rGO can trap or scatter photogenerated carriers which can lead to longer lifetime of electrons and holes (Gowda et al. 2014 ). These mechanisms can enhance responsivity by increasing carrier collection probability. The C/O ratio of prepared rGO is~6.45, and the presence of defect is obvious from the Raman spectrum of rGO (I D /I G2 .43). Achieved responsivity and EQE in our rGObased device are quite high when compared to many other devices at similar experimental conditions. Electrical transport and temperature sensing Current vs. voltage measurement for the rGO device has been carried out at different temperatures and are reported in Fig. 3a . We have systematically analyzed I-V characteristics to determine the transport in Ag-rGOAg film. In Fig. 3b , we have plotted ln(I) vs. ln(V) and a linear fit that produces a slope of 1 suggesting Ohmic conduction, characterized by the equation
where ΔΕ is the activation energy (Jung et al. 2011; Altuntas et al. 2015) . We have also tried to fit the I-V characteristics with other transport mechanisms such as Poole-Frenkel transport (Fig. S7a) . The Fowler-Nordheim transport mechanism (Fig. S7b) , Schottky emission (Fig. S7c) , and trap-assisted tunneling (Fig. S7d) have also been examined. None of these plots produce any straight line in any portion of the corresponding plots, and hence, these transport mechanisms are excluded from possible transport mechanisms.
To determine the temperature dependence of carrier transport in Fig. 3c , we have plotted ln(I) vs. T −x . The best-fitting straight line has been obtained with x = 1 which indicates band gap excitation of carriers and suggests that the minimum temperature used is enough to overcome the band gap of rGO (Muchharla et al. 2014) .
Resistance (R) variation with temperature is shown in Fig. 3d and fitted with exponential equation
The value of the constant ΔE is 64.4*10 −3 eV. As resistance of the device follows a defined equation, it can be exploited as a temperature sensor. The 
This equation is similar to the expression for relative sensitivity in fluorescence intensity ratio-based optical temperature sensors (Senapati and Nanda 2017) . TCR values are plotted in Fig. 3d , and it varies from − 3.5*10 −2 and − 7.4*10 −3°C−1 in the 140 to 318 K temperature range. The TCR of commercially available Pt-based sensors is~3.92*10 −3°C−1 (Tsutsumi et al. 2002) . Thus, sensitivity of the rGO as a temperature sensor is better as compared to commercially available ones.
Pressure-dependent optoelectrical measurement
During electrical measurement in vacuum, we have observed a change in resistance with variation of pressure, which leads us to investigate pressure-dependent optoelectrical properties. Figure 4a , b shows pressuredependent current (I) and change of resistance (ΔR with respect to resistance at zero pressure) correspondingly in nitrogen and argon atmosphere. The current (I) value decreases, and ΔR increases with increasing gas pressure and almost saturates after a certain pressure (Fig. 4a, b ). Similar observations have been made in the case of oxygen and air (Fig. S8a, b) as well. The ΔR value is proportional to the amount of gas adsorbed. ΔR values have been fitted with the equations
where α, K, and m are constants and P is the pressure of the gas. The first equation is a well-known Langmuir equation, and the second equation is known as extended Langmuir (LangmuirEXT) equation; for m = 1, the equation takes the form of Langmuir equation. In case of Langmuir fit, the K value is proportional to the equilibrium constant. Different fitting parameters are listed in Table 2 .
LangmuirEXT fit possibly can also suggest how gas molecules adsorb on the adsorbent surface. For oxygen, nitrogen, and argon, m values obtained are approximately − 1, − 0.5, and 0. Being a single-atom molecule, argon (Ar) can adsorb at a single position on the π-electron cloud of rGO which results in a proportional increase in resistance with increase in pressure. It is well known that oxygen is physiosorbed creating two partial bonds from two oxygen atoms (oxygen is bimolecular) on the opposite C-atom of the hexagonal ring of graphene which results in a slight increase in O-O bond length (Yan et al. 2012) . Interestingly, ΔR follows a P 2 variation which could be due to each oxygen molecule forming two coordinations to the π-electron cloud of graphene/ reduced graphene oxide sheets. For N 2 , m = 0.5 can be realized from 50 to 50 formation single and double coordination, which could be possible if the energy difference between single and double coordination is very small (Rani et al. 2013 (Rani et al. , 2014 Zhechkov et al. 2006) . A schematic of adsorbed gas molecule on hexagonal ring C-atoms of graphene sheet is shown in Scheme 1. An in-depth analysis of these data requires In order to explain the effect of gas adsorption on electrical property, we have carried out Hall measurements, which indicates that rGO is n-type in nature. Both the adsorbed oxygen (O 2 ) and nitrogen (N 2 ) attract electron cloud from the graphene sheet leading to decreased charge carriers in n-type rGO which leads to increased resistance (Yan et al. 2012; Rani et al. 2013 Rani et al. , 2014 . The increase in resistance is also observed for adsorbed argon. Graphene sheets are known to adsorb noble gases, and adsorption has been attributed to the interaction between fluctuating dipoles and evaluated by the Lennard-Jones model (Price 1974; Rybolt and Pierotti 1979) . Adsorption of argon deforms the planar structure and thus inhibits electron flow through a graphene sheet, which ultimately leads to an increased resistance (Kysilka et al. 2011) .
Intercalation of molecules between rGO sheets can also lead to increased resistance (Papamatthaiou et al. 2017 ).
In the presence of a nitrogen-ammonia mixture, the resistance initially increases and then decreases. The decrease in resistance is believed to be due to the electron-donating effect of ammonia which can increase the carrier concentration of n-type rGO (Fig. S8c) (Feng et al. 2016; Liu et al. 2011a) . In order to check the reproducibility of dark current after increasing the pressure, we have started decreasing the pressure in steps and found that at room temperature (24°C) there is a lag in dark current (Fig. 4c, inset) . We have checked the dark current variation with pressure at 40°C and have found that dark current variation is reproducible (Fig. 4c) . A slight fluctuation in dark current is due to fluctuation in the PID controller which occurs when the vacuum pump is turned on. This kind of behavior can be explained by an energy diagram of free and adsorbed gas molecules (Fig. 4d) . At room temperature and higher pressure, the gas molecules get adsorbed on rGO. As the physiosorbed molecules are stabilized by some amount of energy, a complete reversible transformation may not happen at room temperature. However, at an elevated temperature (40°C), this stabilization is easy to overcome and a complete reversible transformation happens. Overall, rGO behaves as a potential pressure sensor. One drawback associated with rGO is that at elevated temperature, the amount of adsorption decreases and saturation occurs even at lower pressure.
We have also shown how photocurrent varies with pressure ( Fig. 4e and Fig. S9a, b, c) . the photocurrent decreases and saturates with increasing gas pressure. The photocurrent follows a bi-exponential behavior, a fast decrease followed by slow saturation (Fig. 4f) . Repeated measurements show that the photocurrent decreasing behavior is the same for air, oxygen, and nitrogen, while the photocurrent saturates early in the case of novel gas argon. The photocurrent decreases possibly due to increasing resistance upon absorption, and also adsorbed sites can affect recombination of photogenerated electron and holes.
Conclusion
In conclusion, rGO has been synthesized by a green hydrothermal synthesis route and characterized by various characterization techniques. rGO exhibits excellent broadband photodetection properties, the responsivity of the detector in the NIR region is~0.7 A W −1
, and EQE in the UV region is 120% which is much better than in many previous reports. As the resistance of the device follows a well-defined exponential behavior with variation of temperature, we can exploit this property for temperature sensing purposes. Sensitivity of the rGO as Scheme 1 Molecular arrangements of adsorbed gas molecule on the hexagonal ring of graphene/rGO a temperature sensor is greater than the commercial Ptbased temperature sensor. Thus, our device can act as a low-cost and efficient photodetector and temperature sensor. Pressure-dependent ΔR is similar to its gas adsorption behavior, and photocurrent variation characteristic with pressure has also been reported.
